Introduction
Quantitative human data on the risks of genetically transmissible diseases following exposure of female germ cells to ionizing radiation are scarce and essentially based on two kinds of situations where women are exposed to radiation: medicine (radiotherapy, radiological examinations) and accidental exposure. As such, the most comprehensive data on the genetic hazard of ionizing radiation in female germ cells have come from experiments with laboratory animals. However, the sensitivity of the germ cell to cell-killing is an important parameter to consider when evaluating the risk of transmission of genetic damage to the progeny after ovarian exposure to ionizing radiation. Furthermore, oocyte survival also indirectly depends on the radiation sensitivity of its surrounding follicle. The results of a number of studies have shown that the sensitivity of an oocyte/follicle to radiation induction of apoptosis/atresia may widely differ between species or between follicular stages, adding to the difficulty of correctly estimating the genetic hazard of radiation in humans.
The aim of this paper is to review the current knowledge on the radiosensitivity of ovarian follicles in mammals, including humans, with particular emphasis on the risks of heritable genetic effects. Various units of measure have been used in the reviewed literature. These are defined in Box 1.
Box 1 Units used. The 'gray (Gy)' is the unit of absorbed dose. This is the quantity of radiation energy that is deposited on a certain material. 1 gray equals an energy deposition of 1 joule per kilogram. The gray is a unit used to measure a physical quantity (e.g. 'how much energy is deposited in the human body by radiation'). Since grays are such large amounts of radiation, medical use of radiation is typically measured in milligrays (mGy) (1 mGy ¼ 1/1000 Gy). The average radiation dose from an abdominal X-ray is 1.4 mGy, the one from an abdominal CT scan is 8.0 mGy, and those from a pelvic CT scan and from a selective spiral CT scan of the abdomen and the pelvis are 25 mGy and 30 mGy, respectively (NRPB, 1998) . It is known, however, that biological effects of radiation on living beings vary depending on the types of radiation even if the same amount of energy (dose) is deposited. 'Sievert (Sv)', which represents the long-term health effects of ionizing radiation on men (cancer and physical defects), is used to complement this. Sievert can be determined by the following formula: sievert ¼ biological effectiveness factor unique to the type of radiation Â gray. The factor is 1 for X-, gand b-rays, and ranges from 5 to 20 for neutron, a-ray and heavy particle. Normally Gy ¼ Sv can be assumed since ordinary radiation exposures are X-and g-ray exposures except for special cases. Because the Sievert is, like the gray, an inconveniently large unit for certain applications, the millisievert (mSv; 1 mSv ¼ 1/1000 Sv) is often substituted. The 'roentgen (R)' is a measure of the ionization of air that is created by X-and g-radiation below 3 MeV. It is the amount that will produce, under normal conditions of pressure, temperature, and humidity, in 1 kg of air, an amount of positive or negative ionization equal to 0.258 C (coulomb). For radiation protection purposes, an exposure to 1 roentgen of X-or g-rays is generally assumed to produce an absorbed dose of 0.01 Gy (10 mGy) in water or soft tissue. 'Becquerel (Bq)', which appears in Table I , is the unit used to measure radioactivity. Some elements can change into other elements by spontaneous disintegration of the atomic nucleus, releasing a-, bor g-radiation. This physical phenomenon is called radioactivity. One becquerel is the quantity of a radioactive element in which there is one atomic disintegration per second. The becquerel is a small unit. In practical situations, radioactivity is often quantified in kilobecquerels (kBq) or megabecquerels (MBq), where: 1 kBq ¼ 1000 Bq.
Methods
The review of available information on fertility and genetic effects of ionizing radiation was first based on a Medline literature search using the keywords 'ionizing radiation genetic effects', 'oocyte radiosensitivity ' and 'oocyte DNA repair' (publication dates from 1990 to 2008) , and on the literature present in the laboratories of the authors (epidemiological and experimental research papers from the 1970s and recent reports of international committees such as UNSCEAR, COMARE and WHO). The literature was restricted to the papers in the English language.
Further articles were acquired from the citations in the articles obtained from the Medline search and the international reports.
Ionizing radiation
Biological effects of ionizing radiation Radiation effects fall into two categories: deterministic and stochastic effects. Deterministic effects are those for which the severity increases with the dose and for which a threshold exists. Malformations induced by an exposure of the embryo to ionizing radiation usually belong to this type of effects. Protracted delivery of such high doses of radiation over several hours or days will usually result in effects of lower severity. Stochastic effects are those for which the probability of occurrence increases with the dose and the severity of which is independent on the dose, like radiation-induced genetic effects and cancers.
The biological changes in cells, tissues and organs do not appear immediately. They occur only after a period of time (latent period), ranging from hours (e.g. after accidental overexposures to the total body, resulting in failure of organ system and death) to as long as years (e.g. in the case of radiation-induced cancer) or even generations (such as is the case if the damage occurs in a germ cell leading to heritable changes).
The main sites of radiation-induced cell lethality, mutation and malignant changes are situated within the nucleus and DNA is the primary target (UNSCEAR, 2000) . When DNA is damaged by radiation, enzymes within the nucleus will attempt to repair the damage. The efficiency of this repair process determines the outcome: if the repair is successful, the cellular functions return to normal. However, if the repair is unsuccessful, incomplete or imprecise, the cell may suffer alterations and loss of genetic information (seen as mutation and chromosomal aberrations), potentially leading to apoptotic death of the damaged cells.
Types of DNA damage
More than 10 4 DNA lesions occur in each mammalian cell each day. The lesions originate from spontaneous decay, replication errors and cellular metabolism. Environmental factors (such as chemicals, tobacco smoke and radiation) add to the mutagenic load to which humans are exposed (Slupphaug et al., 2003) .
Ionizing radiation can damage DNA and cause mutations and chromosomal changes in cells and organisms. Such damage may lead to cell death, cell transformation (a stage in cancer development) and hereditary diseases. The final response to radiation damage is determined not only by cellular repair processes but also by related cellular functions that optimize the opportunity for recovery from damage, like cell cycle control. Thus, radiation damage can cause an arrest in the cell cycle, in either the G1-or G2 phase (G1-arrest or G2-arrest), allowing time for the cell to repair the DNA damage and to reduce the consequences of a given dose.
The types of genetic changes that occur will depend on the types of initial DNA damage, from their potential to miscode at replication and from the probability that specific repair enzymes will act on given types of damage. The chemical products of many types of radiation-induced damages have been identified and classified according to their structure. They differ according to which chemical bond is attacked, which base is modified and the extent of the damage is within a 
Frequency of minisatellite mutations
Minisatellite mutations twice as high in children of exposed families as in controls and correlation of the mutations frequencies with the level of caesium contamination Kodeira et al. (2004) Children from atomic bomb survivors (48 families and 49 control families) Fathers or mothers exposed to mean doses of either 1.34 or 1.61 Sv, respectively Frequency of minisatellite mutations No indication that the high doses of acutely applied radiation had caused an increase of minisatellite mutations given segment of DNA. Some of the main damage products that can be measured following irradiation are base damage, base losses, singlestrand breaks (SSBs) and double-strand breaks (DSBs) caused by breaks to the sugar-phosphate backbone strands of the double helix, and DNA -protein cross-links. The precise nature of the damage will influence repair ability: simpler forms of DNA damage such as single sites of base damage or single-strand breaks (SSBs) will be repaired rapidly and easily by 'base-excision repair' (BER) processes, meaning that such types of damage do not normally represent a serious challenge to the cells, unless BER processes are compromised. DNA damage such as DSB represents a more difficult problem for cellular repair processes and various repair pathways have evolved to cope with this damage, such as 'homologous recombination repair' and 'non-homologous end joining'. While homologous recombination is thought to be a mechanism for repairing DNA with little error, non-homologous end joining (the main mechanism of DNA DSBs in mammalian cells) is likely to cause alteration and/or loss of DNA sequence. Hence, misrepair of DNA double-strand lesions is considered to be the critical factor underlying the principal hallmarks of stable mutations induced by ionizing radiation in somatic or germ cells (UNSCEAR, 2000) .
Chromosome aberrations
Exposure to ionizing radiation may result in structural chromosome anomalies. Chromosomal changes seen under the microscope can be regarded as being the result of 'breaks' followed by 're-joins' of the chromosome thread, although the reality is more complicated (Savage, 1998) . Since the chromosomes scored at metaphase have two sister-chromatids, it is convenient and conventional to divide all aberrations into two broad types:
(i) chromosome-type aberrations, where the breaks and re-joins always affect 'both' sister-chromatids at one locus (Fig. 1) ; and (ii) chromatid-type aberrations, where the breaks and re-joins affect only 'one' of the sister-chromatids at any one locus ( Fig. 2) .
For the majority of chemical agents that can induce aberrations, for ultra-violet light, and most probably all 'spontaneous' (and de-novo) aberrations, only primary chromatid-type aberrations are recovered. When at the subsequent interphase, the chromatids duplicate, surviving aberrations are converted into apparent chromosome-type aberrations, some of which are then transmitted almost indefinitively to further cell generations. These are the 'derived aberrations', and many are so modified that it is impossible to deduce their primary origin. Thus, after an acute treatment with any clastogen, surviving cells in later generations carry only chromosome-type changes and the presence of such cells with chromatid-type aberrations is an indicator of an ongoing production of primary structural changes, i.e. of some form of chromosome instability (Savage, 1999) . For ionizing radiation and some other aberration-inducing agents, the type of aberration recovered at metaphase reflects the duplication status of the chromosomes in the treated cells. Thus, DNA damage caused by irradiation during the G1 phase of the cell cycle may give rise to primary chromosome-type aberrations, if the damage to the DNA is not repaired before DNA replication. Irradiation during the S and G2 phases will induce primary chromatid-type aberrations.
Nearly all the aberrations seen with solid staining appear to result from the interaction ('re-joining') of two breaks, so they can be further classified on the basis of where the breaks are situated in relation to the chromosome arms (Figs 1 and 2).
(i) Breaks occurring in the arms of different (non-homologous or homologous) chromosomes give rise to 'interchanges'. (ii) Breaks occurring in the opposite arms of the same chromosome give rise to 'inter-arm intrachanges'. (iii) When the two breaks occur in the same arm of a chromosome, they will give rise to 'intra-arm intrachanges'.
These three categories are often collectively referred to as exchanges.
(i) Finally, some aberrations appear to arise from a single, open break in just one arm. This category is termed 'breaks' or 'discontinuities'. Many of them are, in reality, intra-arm intrachanges where one end has failed to join up properly, though the limitations of microscopic resolution do not permit us to be certain that the re-joining is really incomplete.
The aberrations which could be expected after irradiation of oocytes are essentially of the chromatid-type, since DNA replication in the oocytes has already been completed before irradiation. Among these, reciprocal translocations (usually referred to as chromatid interchanges) are most relevant since these stable anomalies can be transmitted to the progeny with a high efficiency. In most cases, reciprocal translocations are 'balanced' rearrangements, i.e. there is no loss or gain of genetic material, and the carrier has a normal phenotype. At meiosis, however, where there is pairing of homologous chromosome sequences (normal chromosomes form a bivalent), followed by crossing-over, they give rise to multivalent figures, which leads to segregation problems. The malsegregations occur during anaphase II and may lead to miscarriages, or to the birth of a malformed child. The more unbalanced a zygote is, the less the probability that the fetus will reach birth. Fertility testing has often been used for studying the induction of reciprocal translocations in the germ cells, since translocation heterozygotes may be either partially or completely sterile. However, the development of techniques for meiotic preparations of mammalian gonads provided the impetus for the cytogenetic study of translocations in irradiated males and, to a lesser extent, females.
In addition to structural chromosome aberrations, ionizing radiation can induce numerical chromosome aberrations. Errors in chromosome segregation, resulting in aneuploidy, produce genetic diseases many of which are related to mental retardation and congenital malformations. Evidence of a relationship between radiation exposure and the induction of aneuploidy has essentially come from experiments on the laboratory mouse (Reichert et al., 1975; Hansmann et al., 1982; Tease, 1982 Tease, , 1985 de Boer and van der Hoeven, 1991) . Two main routes can be envisaged for chromosome gains: primary non-disjunction of structurally normal chromosomes; or secondary malsegregation as a consequence of induced chromosomal rearrangement such as a chromatid interchange to produce tertiary trisomy. Although it has not been possible to exclude one or other of these possibilities, experimental data most often favoured the second alternative (Tease and Fisher, 1986; de Boer and van der Hoeven, 1991) . With regard to chromosome loss, the general presumption is that this too essentially results from structural chromosome damage. Detailed studies on the risks of transmission of radiation-induced hyperploidy in the mouse led to the conclusion that conceptuses with induced hyperploidy are unlikely to survive to the early post-implantation stages (Reichert et al., 1975; Tease and Fisher, 1996) .
DNA repair by oocytes
It would be surprising that a cell that remains for a considerable time in an arrested state of the cell cycle does not have enzymatic repair to counteract the modifications caused to its DNA by ionizing radiation and chemicals (Ashwood-Smith and Edwards, 1996) .
Repair systems are least effective in dealing with the chromosome imbalance, which is perhaps the major cause of anomalies in oocytes. The most common anomaly originating in human oocytes is probably trisomy or monosomy for various chromosomes. Most human trisomies arise during the first meiotic division in oocytes (Ishikiriyama and Niikawa, 1984) . The high frequency of trisomy 21 and other trisomies in fetuses of older women may be related to a lower frequency of chiasma formation in meiotic prophase I in the last formed oocytes. Chromosome pairing could be impaired, to cause a high frequency of meiotic non-disjunction with increasing maternal age, as in mice (Henderson and Edwards, 1968; Polani and Crolla, 1991) . The low chiasma frequency was provisionally attributed to a lower recombination frequency possibly due to a low oxygen tension in the fetal ovary, which affects the most recently formed oocytes. Gaulden (1992) advanced another interesting hypothesis on the origin of Down's syndrome children, namely that most of the cases arising during the first and second meiotic division in the oocyte would be caused by a lack of oxygen in the developing follicle. There is no internal blood circulation in follicles, and hormonal imbalances result in imperfect microvasculature of the theca in maturing and matured follicles (Albertini, 1992) . The resultant anoxia, acidosis and hypercapnia cause a smaller than normal spindle to be formed, leading eventually to non-disjunction. Albertini and Gaulden stressed the need for a complete understanding of all aspects of ovarian physiology and biochemistry as well as molecular and cytological genetics to understand the complex interplay of xenotoxic agents. A simple change in circulation, hormonal balances or microtubule assembly may set in motion a disastrous series of events leading to a trisomic child, while having no relationship to point mutations or DNA repair. Chiasma formation and DNA repair may be fundamental causes of some trisomies, especially if they influence the association of homologous chromosome pairs.
Evidence from a number of in vitro and in vivo systems indicates that the mammalian oocyte is capable of repairing DNA damage (Ashwood-Smith and Edwards, 1996) . The possibility that DNA repair in oocytes may be activated by radiation damage was suggested by Fritz-Niggli and Schaeppi-Buechi (1991) who reported an adaptive response to the effects of low doses of X-rays (0.02 Gy prior to 2 Gy) in Drosophila melanogaster oocytes and suggested the existence of a repair stimulating effect of low doses for the highly radiosensitive mature oocytes. Similar observations were made in the mouse by Jacquet et al. (2008) , who compared the levels of chromosome damage in MI oocytes after X-irradiation with either 2 or 4 Gy ('challenge dose'), whether preceded or not by 0.05 Gy ('conditioning dose', 5 h earlier). Prior irradiation of the oocytes with the dose of 0.05 Gy led to a reduction in the yield of chromosome damage in the mature and highly radiosensitive oocytes but not in the less radiosensitive early pre-antral oocytes (2 weeks before ovulation). There are other studies giving indirect evidence for repair systems in oocytes. For example, because of the lower mutation frequencies observed when female mice were X-irradiated at low instead of high dose rates, it was suggested that oocytes can repair radiation-induced damage (Russell et al., 1958; Russell et al., 1960) . The stage-specific differences in the mutagenic sensitivity of oocytes, which will be further discussed in this paper, could also be at least partly attributed to differences in the efficiency of the repair mechanisms. Relatively, few papers gave direct evidence of DNA repair in oocytes. However, a number have shown enzymatic repair activity in oocyte extracts of varying complexities obtained from Xenopus oocytes (i.e. Matsumoto et al., 1999; Varlet et al., 1990) . With regard to mammals, fully grown oocytes isolated from adult mice were found to carry out excision repair of DNA damaged by ultraviolet (UV) irradiation, as evidenced by the observation of unscheduled DNA synthesis following exposure of the irradiated oocytes to tritiated thymidine (Masui and Pedersen, 1975) . Pedersen and Mangia (1978) also demonstrated increased, dose-dependent unscheduled DNA synthesis after UV irradiation in resting oocytes (from 2-to 3-day-old mice) and growing oocytes (12 -13 days). The ratio of DNA synthesis, as measured by grain counts after the incorporation of tritiated thymidine, was about six times greater in growing oocytes compared with resting oocytes. Pedersen and Brandriff (1980) also reviewed studies showing UV-or drug-induced unscheduled DNA synthesis in mammalian oocytes and embryos. These studies suggested that the female gamete has an excision repair capacity from the earliest stages of oocyte growth. The oocyte's demonstrable excision repair capacity decreases at the time of meiotic maturation for unknown reasons, but the fully mature oocyte maintains a repair capacity, in contrast to the mature sperm, and contributes this to the zygote. Using a similar approach, Guli and Smyth (1988) detected no UV-induced response of oocytes at leptotene, zygotene or pachytene meiotic stages. Concerning dictyate stage oocytes, they found a similar repair capacity between oocytes from young (8-14 weeks) and old mice (12 -15 months) (Guli and Smyth, 1989) . Matsuda and Tobari (1988) irradiated mouse spermatozoa with UV before using them for fertilizing oocytes and analysed chromosome aberrations at the metaphase stage of first embryonic division. Higher frequencies of chromosome aberrations were observed when the fertilized oocytes had been incubated with either caffeine or ara-C, two inhibitors of enzymatic DNA repair, suggesting that UV damage induced in mouse sperm DNA was repairable during the period between the entry of the sperm into the oocyte cytoplasm and the first cleavage metaphase. Further experiments by Matsuda and Tobari (1989) involving both X-irradiation of either spermatozoa or mature mouse oocytes and using three inhibitors of DNA repair indicated the possibility that X-ray damage to both oocytes and spermatozoa is subject to a variety of different repair processes in the fertilized oocyte. The complex changes in X-ray sensitivity observed just after fertilization and before pronuclear formation were probably related to changes in chromatin configuration and in repair ability.
Much more recently, microarrays were used to investigate gene expression in oocytes of various mammalian species. Pan et al. (2005) performed global gene expression studies using mouse oocytes obtained from Day 2 primordial follicles to Day 22 equine CG primed large antral follicles. There was an over-representation of genes involved in DNA repair and response to DNA damage throughout oocyte development, suggesting a protective mechanism to ensure genomic integrity of the female germ line (Pan et al., 2005; Hamatani et al., 2008) . Su et al. (2007) also used a microarray approach to investigate the selective degradation of transcripts during meiotic maturation of mouse oocytes. They compared the transcript profiles between germinal vesicle (GV) and MII oocytes and found, among others, that many of the transcripts associated with DNA repair were degraded during oocyte maturation. In another very recent study, the expression profile of genes coding for DNA repair was investigated in human oocytes, with a special focus on reactive oxygen species (ROS) linked decays (Menezo et al., 2007) . The aim was to determine the level of expression for mRNAs that regulate DNA repair activity in oocytes at the GV stage. Since ROS have been shown to play a major role in the appearance of deleterious DNA decays, the study focused on the repair of damage linked to decay caused by the action of ROS. GV oocytes, which are unsuitable for patient treatment, were selected for the study. The authors found that DNA repair pathways for oxidized bases are redundant in GV oocytes. One step repair procedure (OSR), base excision repair (BER), mismatch repair (MMR) and nucleotide excision repair (NER) are all present and all the recognition proteins are also present. The chromatin assembly factors necessary for the maintenance of genomic stability are highly expressed. The authors concluded that the oocyte does not allow a high level of tolerance for DNA decay and that this regulatory mechanism should avoid transmitting mutations into the next generation.
In another quite interesting study, Zheng et al. (2005) examined the expression patterns of 48 mRNAs related to sensing different kinds of DNA damage, controlling the cell cycle to provide an opportunity for DNA repair and repairing that DNA damage in Rhesus monkey oocytes (GV stage and MII stage) and early embryos. All of the examined mRNAs that encode MMR proteins were expressed in the oocytes and the embryos. The expression of MLH1 mRNA, however, diminished during oocyte maturation and remained at a low level during embryonic development to the blastocyst stage. A majority of the examined mRNAs that encode BER proteins were expressed in oocytes and embryos. All three examined mRNAs that code for proteins involved in NER were expressed. All but one (RAD9A) mRNAs encoding proteins related to SSB repair were expressed in the oocytes, and their levels were higher in GV oocytes than in MII oocytes. Similarly, most mRNAs encoding proteins for DSB repair were expressed in the oocytes and decreased in abundance during oocyte maturation. The expression of ATM and BRCA1, however, was higher in MII oocytes than in GV oocytes. In order to repair damaged DNA, a cell must first detect the damage and activate the appropriate machinery to mediate repair. Important genes in that respect are ATM, ATR, PCNA, CHK1 and CHK2. All of them were expressed in the Rhesus monkey oocytes, with differences in their respective levels (high for PCNA and ATM, moderate for CHK1 and low for ATR and CHK2). Other genes involved in cell cycle checkpoints, like CDKN1B, MDM2, MTBP and P53 (G1/S checkpoint) or PLK1 and PLK3 (G2/M checkpoint), were also expressed at a low level.
Overall, there is ample evidence that the mammalian oocyte can repair various kinds of DNA damage occurring either spontaneously or as a consequence of exposure to external agents. However, the efficiency of DNA repair appears to vary with the oocyte stages. Recent advances in modern molecular techniques will clearly help to better characterize DNA repair at the various stages of oocyte growth and maturation.
Ovarian radiation sensitivity

Ovarian development
Ovarian development in humans, guinea pigs and rodents has been detailed by others (i.e. human: Gougeon et al., 1994; Gougeon 2003; guinea pig: Bookhout, 1945; Ioannou, 1964; Oakberg and Clark, 1964; Deanesly, 1975; Jacquet et al., 1994; rodent: Hirshfield, 1991; Wasserman and Albertini, 1994) . Here, we give a brief summary of the most important terms concerning folliculogenesis before interpreting the data from radiation studies in terms of folliculogenesis ( Fig. 3) .
Once primordial germ cells arrive at the gonadal ridges, they are called oogonia (C) or gonocytes (F). Oogenesis is the process by which the mitotically dividing oogonia develop and differentiate into the pool of meiotically arrested primary oocytes enclosed within primordial follicles. In many mammals, meiosis is initiated during embryonic development (human, rodent, guinea pig, sheep and cattle) but in some, meiosis only starts after birth (dog, hamster and ferret) (Byskov, 1986) . After the initiation of meiosis, mitosis is no longer possible, meaning that a limited number of primordial, resting follicles are established. In mammals, every day some follicles leave the resting pool and they either start to grow or become atretic. The mechanisms triggering the first growth initiation remain unknown. It is still unclear whether inhibitory factors prevent resting follicles leaving the stock or stimulatory factors stimulate some follicles to leave the stock (Gougeon et al., 1994; Gougeon, 2003) . Resting follicles (primordial follicles) consist of an oocyte surrounded by flattened granulosa cells. A theca layer is normally not defined at this stage (Peters et al., 1978) . When follicles enter the growth phase, they enlarge both by proliferation of the granulosa cells and by an increase in the oocyte diameter. During this first growth phase, the granulosa cells become cuboidal and the primary follicle consists in one single, continuous layer surrounding the oocyte. Progressively, a zona pellucida begins to form around the oocyte and stroma cells near the basal membrane become aligned in order to form an undifferentiated theca layer. These theca cells differentiate during further follicular growth into a theca interna and a theca externa (pre-antral follicles) (Peters et al., 1978; Gougeon et al., 1994) . The external theca layer will show microvascular structures. During the next steps of growth, some small fluid-filled cavities develop (early antral follicles) which later on aggregate to form a large antrum (large antral follicles) (Gougeon et al., 1994) .
Radiation sensitivity of the female germ cells
Many experiments have shown that in addition to somatic cells, ionizing radiation can induce DNA damage in the germ cells. Such damage, while having no direct consequences for the exposed individual, may affect his fertility and reproductive outcome or be expressed in subsequent generations as genetic disorders of widely differing types and severity.
Radiosensitivity of rodent ovarian follicles
Cell killing and fertility. In the mouse, 0.5 Gy of X-rays reduces the number of litters to 4 per female, with permanent sterility thereafter. This can be attributed to the killing of the immature oocytes enclosed in primordial follicles, and subsequent failure to replace the larger, more resistant follicular stages as they mature and ovulate. The high sensitivity of early follicle stages and low sensitivity of larger follicles were verified by histological analysis in both mice and rats. The LD 50 for mouse oocytes was found to be only 0.15 Gy (15 R), while that of rat oocytes was estimated to be around 1 Gy (Baker, 1971) .
Scant information is available on radiation-induced ovarian damage in other rodents. For the golden hamster, it has been demonstrated that as in mice, the immature oocytes are more sensitive compared with the mature oocytes (Cox and Lyon, 1975) . Irradiation studies on meiosis I performed on neonatal animals in the Chinese hamster model demonstrated that the sensitivity of the oocyte to the lethal effects of X-ray is meiotic stage-dependent (Tateno and Mikamo, 1989) . Oocytes of this species were found to be very radioresistant at pachytene, but increase sharply in sensitivity during the phases between diplotene and dictyate, suffering an almost complete oocyte killing after 1 Gy. However, after the onset of the resting stage, they recovered radioresistance (Tateno and Mikamo, 1984) .
Genetic effects. Due to the lack of evidence of genetic effects in humans exposed to ionizing radiation, human genetic risk estimates have been largely based on mouse data. Radiation-induction of genetic damage has been investigated in mouse oocytes using three measurable genetic end-points: (a) dominant lethal effects [Dominant lethal (DL) effects cause embryonic or fetal death. Induction of a DL event after exposure to a physical or chemical agent indicates that the agent has affected germinal tissue of the test species. DLs are generally accepted to be the result of chromosomal damage (structural and numerical anomalies) but gene mutations and toxic effects cannot be excluded.], (b) specific-locus mutations (The specific-locus test is used to detect visible recessive mutations induced in diploid organisms: a strain that carries several known recessive mutants in a homozygous condition is crossed with a non-mutant strain treated to induce mutations in its germ cells; induced recessive mutations allelic with those of the test strain will be expressed in the progeny.) and (c) cytologically analysed chromosome aberrations. Additionally, radiationinduction of congenital malformations, which have a more complex or uncertain genetic basis, has been investigated by a few authors.
The radiation-induction of genetic damage has been investigated in immature oocytes, maturing oocytes and mature oocytes.
In rodents as well as in all mammals, the immature resting oocytes are the main female germ cells at risk for induced heritable mutations, due to their very long potential lifespan (human oocytes can remain immature for almost 50 years) and the fact that they represent by far the principal components of the female genetic pool. Despite extensive attempts over several decades to detect genetic effects from irradiation of mouse resting oocytes (i.e. more than 6 weeks between irradiation and mating), detectable genetic damage in these cells has generally not been observed (for review, see UNSCEAR, 1986), unless chronic g-irradiation was used (Griffin and Tease, 1988) . The application of these negative results to women has been much questioned on the grounds that the mouse resting oocyte is of the dictyate type (with a diffuse chromatin) while human resting oocytes are of the true diplotene type, and that mouse resting oocytes are highly sensitive to killing by radiation while the human resting oocytes are not. Furthermore, the maturing and mature oocytes in the mouse, which are resistant to killing, are sensitive to mutation induction. Subsequent experiments focusing on radiosensitive targets in mouse resting oocytes demonstrated that the target for cell-killing and that for genetic effects are different. The lethality target would be the plasma membrane, or something of similar position and geometry (Straume et al., , 1989 . Using special radiations, i.e. neutrons that produce recoil proton-tracks which can stochastically deposit energy in the nucleus without traversing the plasma membrane, Dobson et al. (1987) and Straume et al. (1991) were able to detect genetic damage in irradiated resting oocytes. According to these authors, the genetic vulnerabilities of resting and maturing mouse oocytes would be similar when the lethality target in resting oocytes was avoided. To our knowledge, there is only one paper dealing with the genetic sensitivity of mouse oocytes that were at the true diplotene stage, similar to the resting stage in humans. In that study, Selby et al. (1991) investigated specific-locus mutations after X-irradiation of female mice very near the time of birth. The authors assumed that oocytes were then at the diplotene stage which, in the mouse, precedes the dictyate resting stage by a few hours. Oocytes were X-irradiated with 3 Gy and revealed, indeed, to be very resistant to cell-killing. Moreover, the specific-locus mutation frequency was very low and almost similar to the zero mutational response found by Russell (1965) in the dictyate resting oocytes.
The sensitivity to induction of genetic damage was also investigated in mouse maturing and mature oocytes and revealed to greatly vary with the time interval between irradiation and ovulation of the oocytes. This was first reported by Russell and Russell (1956) , who noted that the frequency of DL mutations was very high when oocytes were irradiated at the mature stage, a few hours prior to ovulation, after which it dropped to rise again with successively longer intervals between radiation and ovulation. In later studies, chromosome aberrations were reported in oocytes from mice irradiated at increasing time intervals before ovulation. Aberrations that were observed included essentially chromatid interchanges and deletions (Fig. 2) . The results confirmed the highest frequency of mutational events in mature oocytes irradiated at the diakinesis stage a few hours prior to ovulation, its very low frequency in oocytes irradiated 0.5 -1.5 days before ovulation, and its gradual increase with longer intervals between irradiation and ovulation (Reichert et al., 1975; Brewen and Payne, 1979; Hansmann et al., 1982; Tease and Fisher, 1986; Jacquet, 2004; Searle and Beechey, 1974; Jacquet et al., 2005) . In the study by Brewen and Payne (1979) , using doses from 0.5 to 3 Gy of X-rays, the peak of sensitivity was reached around 10 days before ovulation, from which time it remained almost constant until 28 days before ovulation. Sufficient data for oocytes at longer intervals before ovulation could not be obtained due to the killing of most oocytes enclosed in smaller follicles. In a study by Khalil et al. (1996) , the incidences of X-ray induced numerical and structural chromosome anomalies were screened in a range of developmental stages from metaphase II oocytes through to post-implantation embryos, after irradiation of mouse pre-ovulatory oocytes at the diakinesis stage. Following 1 Gy of acute X-rays, the rate of hyperploidy (chromosome gain) was found to be elevated over levels in unirradiated controls, at metaphase II, in 1-cell and 3.5 day preimplantation embryos but not in 8.5 day post-implantation fetuses. In the latter, however, the frequency of mosaicism was significantly increased. Significantly, elevated frequencies of structural chromosome anomalies were present in metaphase II oocytes and preimplantation embryonic stages, but could not be detected in block-stained chromosome preparations from 8.5 day post-implantation fetuses. At first, these results seemed to confirm those obtained earlier by Reichert et al. (1984) , who suggested that embryos with structural chromosome anomalies induced by X-irradiation of pre-ovulatory stage oocytes were incapable of surviving to term. However, more precise analysis of chromosome preparations after G-banding showed that almost 14% of 14.5 day fetuses carried a chromosome rearrangement after 1 Gy of X-rays to immediately pre-ovulatory stage oocytes (Khalil et al., 1996) . Overall, these data indicated that the presence of radiation-induced chromosome gains is incompatible with embryonic survival but that a proportion of embryos with structural chromosome damage are able to develop past mid-gestation. These latter embryos are therefore potentially capable of contributing to the genetic burden of the next generation.
A few cytogenetic studies were also performed on Chinese hamster oocytes X-irradiated with 2 Gy at various times around ovulation. The sensitivity to induction of chromosome damage was highest at the diakinesis stage and then decreased with longer intervals before ovulation to become very low from 1 to 3.5 days before ovulation (3.1% of oocytes with aberrations). These results confirmed, therefore, the highest sensitivity of rodent oocytes at the diakinesis stage, corresponding to the transition from prophase to metaphase of meiosis I. However, considering the yield of aberrations recovered, they also suggested that the Chinese hamster oocyte is about two times less radiosensitive than the mouse oocyte Mikamo, 1982; Mikamo et al., 1982) .
Several studies have been devoted to the effects of radiation on the incidence of severe congenital anomalies in the mouse. Thus, radiation doses of 1-5 Gy could double the background frequency of congenital abnormalities in this species, but the frequency depended on the type of radiation, the dose, the germ cell stage at irradiation and the strain (Nomura, 1982 (Nomura, , 1988 Lyon, 1982, 1984; Russell and Kelly, 1982; Lyon and Renshaw, 1988; Müller and Schotten, 1995) . In agreement with the findings of other studies using dominant lethality, gene mutations or chromosome aberrations as end-points, Kirk and Lyon (1982) found that the incidence of abnormalities increased with time between exposure and conception, suggesting that less mature oocytes are more radiosensitive than more mature oocytes (disregarding the highly sensitive period a few hours before ovulation). However, Nomura (1988) and Müller and Schotten (1995) found that the sensitivity to radiation-induction of abnormalities was highest for oocytes fertilized in the first week after radiation exposure.
The abnormalities observed appeared to be typical for mice. Dwarfism (defined as a body size smaller than 75% of the average of all littermates) and neural tube defects were the most frequent visible abnormalities. The genetic basis of the anomalies was not fully ascertained, but it was suggested that a major proportion of these could be due to dominant mutations with a high penetrance that are expressed and lost in the first generation. However, a minor proportion of them, including dwarfism, was transmitted to later generations (Nomura, 1988; Lyon and Renshaw, 1988) , and it was suggested that this particular anomaly was caused by small chromosome deletions or rearrangements (Nomura, 1988) . The background levels of abnormalities varied from experiment to experiment. Taking background rates of 0.5-1% per generation and assuming a linear dose -response, gives a doubling dose (i.e. the dose necessary to double the frequency of spontaneous malformations) for acute low LET (LET: linear energy transfer, representing, at a point of the track of an ionizing particle, the density of absorbed energy by the medium per unit length; usually expressed in keV/mm.) radiation of 1 Gy for the induction of abnormalities in both male and female mice. At low dose rates, the induction of congenital abnormalities would be significantly reduced.
As evoked, these data suffer several intrinsic limits such as uncertainties on background levels or the variable penetrance or expressivity of the mutations. This fact, together with the uncertainty associated with the comparability of mouse and human abnormalities, and the fact that dwarfism constituted 50% of all abnormalities, urges some caution in the use of these data as a surrogate for human malformations (NRC, 1990; COMARE, 2004) .
Radiosensitivity of guinea pig ovarian follicles
According to recent phylogenetic analyses, the guinea pig should be classified in a separate mammalian order (the Caviomorpha) distinct from the Rodentia (Graur et al., 1991) . Studies by Jacquet et al. (1994) suggested that this species could represent a better animal model than the mouse for investigations on genetic hazard of ionizing radiation in women. Additionally, some morphological and physiological characteristics of the female guinea pig (structure and density of the ovaries, long estrous cycle with follicle selection, long gestation period with folliculogenesis starting in-uterus) (Bookhout, 1945; Deanesly, 1975) make it an attractive model for human females.
Cell killing and fertility. The ovary of the post-natal guinea pig shows a specific feature in oocyte development, namely the contraction of oocytes at diplotene. This means that the ovaries of guinea pigs contain two distinct types of immature oocytes: an oocyte with a large nucleus of the true diplotene type, comparable to the resting oocytes in ovaries of humans, monkeys, cows and pigs, and another with a contracted nucleus (Ioannou, 1964; Oakberg and Clark 1964; Jacquet et al., 1994) . At birth, only oocytes of the large type are present. Over the following days and months contracted oocytes appear. However, a wide variation was found in the relative proportions of large and contracted immature oocytes in post-natal guinea pig ovaries. Oakberg and Clark (1964) reported that, already at 10 days after birth, 50% of the oocytes were in the contracted state, while Ioannou (1964) only found 10% of contracted oocytes 1 month post-partum (pp) and 88% by 2 months pp. Jacquet et al. (1994) reported that the evolution from the large to the contracted type could even take 4 months. The contracted configuration is limited to the primordial follicles, whereas the healthy growing follicles enclose oocytes with large nuclei and 'lampbrush' chromosomes. Oakberg and Clark (1964) noted a destruction of the guinea pig multi-layered follicles within 3 days following irradiation of the ovaries with 2 Gy of X-rays. The high sensitivity of large follicles to cell killing was subsequently confirmed by Jacquet et al. (1997a, b) . In contrast, the primordial follicles and their large oocytes present at birth were extremely resistant, since an X-irradiation with either 2 or 4 Gy had no significant effects on the fertility of animals evaluated 6 and 12 months after treatment (Jacquet et al., 1994) . Histological analysis of the ovaries suggested that the LD 50 for the guinea pig large oocytes was around 4 Gy, a value close to that reported earlier by others for similar human resting oocytes (Wallace et al., 1989) . An increase in the sensitivity to cell-killing was noted by Ioannou (1969) as large diplotene oocytes evoluted to the contracted type, which represents the typical configuration for the oocyte resting stage in adult guinea pigs.
Genetic effects. The radiation-induction of DL mutations was investigated in female guinea pigs by Cox and Lyon (1975) and by Caine and Lyon (1977) . A relatively high proportion of apparent DLs were found among embryos conceived at first oestrus matings after a dose of 4 Gy, and a small proportion were still detectable at 3 months after irradiation. Oocytes ovulated 3 months after irradiation were at an immature stage at the time of irradiation. These results indicated that the mature oocytes were more sensitive to induction of DLs than immature oocytes.
More recently, the sensitivity of guinea pig oocytes to radiation-induction of chromosome aberrations was investigated at different stages of follicular growth. Thus, in a first experiment, ovaries of young females were X-irradiated with 1 or 2 Gy on days 1-2 pp, when all immature oocytes enclosed in primordial follicles were still of the large, typical diplotene type. Collection and examination of the oocytes occurred 1 year later. Only 0.99% and 2.64% of oocytes irradiated with 1 or 2 Gy, respectively, showed chromatid interchanges (Jacquet et al., 1997a) . In the following experiments, ovaries of adult animals were X-irradiated with 1, 2 or 4 Gy and oocytes were collected and examined at various time intervals following irradiation, to assess the radiation sensitivity of oocytes at increasing stages of follicular growth. Oocytes enclosed in growing follicles exhibited very major differences of sensitivity according to the size of the follicle at the time of irradiation (Jacquet et al., 1997b (Jacquet et al., , 2001 . The sensitivity of oocytes enclosed in pre-antral follicles remained low and almost constant until 3 weeks before ovulation. From that time, the sensitivity of oocytes began to increase. The most dramatic increase in sensitivity occurred during the last week preceding ovulation, corresponding to the full antral stage: 33% of oocytes X-irradiated with 1 Gy, 2 days before ovulation, showed at least one chromatid interchange, while this proportion rose to 97% after a dose of 4 Gy. In control oocytes, no chromosome aberrations were found.
In further and limited experiments, the authors examined to what extent irradiation of female guinea pigs at this time of very high radiation sensitivity could affect their fertility and result in congenital anomalies and/or chromosome aberrations in their progeny. Thus, female guinea pigs were X-irradiated with 1 Gy 2 days before ovulation and mated with untreated males. The fertility of irradiated females was revealed to be comparable to that of control animals. On the other hand, 1 of 63 young from irradiated females showed a cerebral anomaly, characterized by behavioural problems and loss of equilibrium, while all 53 young from the control females were normal. Four months after delivery, oocytes of the female progeny were analysed for the presence of chromosome aberrations. No chromatid interchanges or other chromosome aberrations were found in oocytes of the 31 and 19 females from control and irradiated animals, respectively (Jacquet et al., 1998) .
Radiosensitivity of non-human primate ovarian follicles
Scant information is available on radiation-induced damage in monkeys. In Rhesus monkeys, the number of germ cells surviving irradiation varies according to the dose administered and the stage of oogenesis, like in other species. Thus, growing follicles are markedly reduced in numbers by doses over 20 Gy, whereas primordial oocytes are eliminated only after exposure to 70 -120 Gy (Baker, 1971 ).
Radiosensitivity of human ovarian follicles
Cell killing and fertility. The mammalian ovary contains a definite stock of resting follicles. In humans, there are 6.8 Â 10 6 germ cells at 5 months post-fertilization. By birth, this number is already reduced to 2 Â 10 6 viable cells and 300 000 germ cells are left at the onset of puberty. During the normal reproductive lifespan of females, 300-500 mature oocytes will be ovulated. This means that the vast majority of follicles (over 99%) is lost by a process of atresia which occurs throughout folliculogenesis as well as from the primordial pool (Baird, 2000; Simon et al., 2005) . It is this non-renewable nature of the oocyte pool that makes it so vulnerable: exposure to external agents may contribute to accelerating oocyte depletion, resulting in early ovarian failure, a loss of reproductive potential, and a premature onset of menopause-related health problems in young women (Waxman, 1983; Ried and Jaffe, 1994; Blumenfeld et al., 1999; Morita and Tilly, 1999) . Recently, apoptosis has been identified as the mechanism responsible for developmental oocyte loss as well as oocyte loss induced by anti-cancer therapy (Morita and Tilly, 1999; Morita et al., 2000) .
Already in 1971, Baker reported that women under 35 years who received fractionated exposures of 2000 R (20 Gy) or more had some oocytes left since pregnancies were often reported, although the actual size of the surviving pool of oocytes was not known. The multi-layered follicles had possibly been destroyed long before the primordial follicles, as had been observed in monkeys and guinea pigs. As underlined by Baker (1971) , however, knowledge on the radiosensitivity of human growing and Graafian follicles remains at best tentative.
Since that time, and as a consequence of the increased survival rates of patients undergoing cancer therapy during childhood or at a young age, more information on fertility after radiotherapy has become available.
Radiotherapy is now a well-known cause of ovarian damage and accelerated menopause with permanent infertility. Total body craniospinal axis, whole abdominal or pelvic irradiation potentially expose the ovaries to irradiation. Recent results suggest that the dose necessary to destroy 50% of primordial follicles (LD 50 ) would be ,2 Gy (Wallace et al., 2003) , instead of 6-18 Gy (Bianchi, 1983) or 4 Gy (Wallace et al., 1989) as previously reported. The degree of ovarian impairment is related to the volume treated, total irradiation dose, fractionation schedule and age at time of treatment, with older women being at greater risk of damage (Lushbaugh and Casarett, 1976; Green, 1997; Meirow and Nugent, 2001; Wallace et al., 2005) . Thus, the effective sterilizing dose (ESD: dose of fractionated radiotherapy at which premature ovarian failure occurs immediately after treatment in 97.5% of patients) decreases with increasing age at treatment, as the remaining population of primordial follicles falls. ESD at birth is 20.3 Gy; at 10 years 18.4 Gy; at 20 years 16.5 Gy; and at 30 years 14.3 Gy (Wallace et al., 2005) . Based on the determination of the LD 50 for human oocytes as being ,2 Gy, calculations could be made to determine the surviving fraction of the follicle pool for any given dose of radiotherapy (Wallace et al., 2003) . Soon thereafter, the next step was achieved and Wallace et al. (2005) reported the first model to reliably predict the age of ovarian failure after treatment with a known dose of radiotherapy. Normally, it is not possible to diagnose ovarian failure before the onset of puberty. However, the new model will enable clinicians to predict the onset of ovarian failure in young women and allow them to guide patients with regard to fertility preservation and future reproductive potential.
Genetic effects. A number of epidemiological studies have examined the effects of radiation exposure prior to conception. These have been regularly reviewed by national and international committees such as UNSCEAR (United Nations Scientific Committee on the Effects of Atomic Radiation), RERF (Radiation Effects Research Foundation), BEIR (Committee on the Biological Effects of Ionizing Radiation, National Academy of Sciences of the USA) or ICRP (International Commission on Radiological Protection). Table I summarizes the results of human studies that have been reviewed by UNSCEAR in its detailed 1993 report on the hereditary effects of radiation. The table also gives a summary of other significant reports or studies that have been published since that time.
The most important human group investigated with regard to the genetic effects of ionizing radiation is that of the survivors of the atomic bombings, who have been extensively followed since the late 1940s. The genetic parameters investigated in the children of the A-bomb survivors include stillbirth (population size: 64 740), malformations (65 431), weight (71 716), sex ratio (65 431), chromosome aberrations (16 298), protein electrophoresis (23 661), mortality (88 485, ongoing study) and DNA studies (1399 children and their parents, ongoing studies). While high doses of radiation in experimental animals can cause various disorders in offspring, no evidence of clinical or sub-clinical effects has yet been seen in the children of A-bomb survivors, whose parents received a mean dose of approximately 200 mGy (UNSCEAR, 1993; RERF, 1999) .
Genetic studies have also been performed in people who have been exposed to ionizing radiation as a result of the Chernobyl accident. An increase in Down's syndrome was reported in West Berlin nine months after the Chernobyl accident (Sperling et al., 1994) and a similar increase was reported in Bavaria (Burkart et al., 1997) . However, in both cases, the radiation exposure was very low and Burkart et al. (1997) indicated that biological considerations argued against Chernobyl fallout as a plausible cause. Moreover, the higher rate in Bavaria could be traced to a time period shortly before fallout took place. In Hungary, no increase of Down's syndrome was reported after the Chernobyl accident (Czeizel et al., 1991) and the same was found in a study covering Europe (de Wals et al., 1988) . Little (1993) provided a comprehensive review of studies undertaken in the wake of the Chernobyl accident, with a particular attention to those on congenital abnormalities and other adverse reproductive outcomes. He concluded that there is no consistent evidence of a detrimental physical effect of the Chernobyl accident on congenital anomalies or other measured outcomes of pregnancy. There is evidence of indirect effects, an increase in induced abortions substantial enough to show as a reduction in total births, due to anxieties created. Similarly, in the recent report of the United Nations Chernobyl Forum (WHO, 2006) , it was concluded that, consistent with previous scientific literature, the epidemiological studies performed after the Chernobyl accident do not indicate a radiation related increase in malformations or infant mortality as a direct result of radiation exposure prior to or during conception.
Human minisatellites consist of tandem arrays of short repeat sequences, and some are highly polymorphic in numbers of repeats among individuals. Since these loci mutate much more frequently than coding sequences, they make attractive markers for screening populations for genetic effects of mutagenic agents. Minisatellite mutations were reported to be increased in the children of people exposed in areas contaminated by the Chernobyl accident (Dubrova et al., 1996) . However, these results were criticized on various grounds. First, it was argued that the use of control families from the United Kingdom introduced a significant confounding factor as well as possible ethnic/genetic differences from the population of Belarus. Second, the families in the United Kingdom could have experienced different patterns of environmental exposure to potentially mutagenic industrial and agricultural chemicals that might have contributed germ-line variation. Third, it was not clear from the surface contamination maps of the region why control families receiving insignificant radiation doses were not obtained nor why a second set of controls of children conceived prior to the accident could not be identified (UNSCEAR, 2001) . The positive results of Dubrova et al. (1996) also contrasted with the negative results of Kodeira et al. (2004) , who analysed mutations at eight hypervariable minisatellite loci in the offspring of atomic bomb survivors who had been irradiated by much higher doses (mean dose .1 Gy). Finally, minisatellite mutations occur in non-protein-coding genes, so that their potential consequences are unknown.
Other epidemiological studies include radiation workers, women who previously had radiotherapy treatment, people living near uranium mines or in areas with elevated background radiation, medical radiologists and radiographers and people living near nuclear reactors. Most of the studies of workers have looked at the effects of exposure of fathers because fewer mothers have worked with radiation.
Overall, the studies provide little evidence that adverse pregnancy outcomes in general are related to parental exposure to radiation at the relatively low doses to which most of the study populations have been exposed. Few of the studies have enough statistical power to address these issues (i.e. the doses are too low or the study populations are too small). The data do not indicate a link between congenital abnormalities as a whole and parental exposure to radiation. If there is an association, it is most likely a weak link between radiation exposure in fathers and increased stillbirths and neural tube defects (spina bifida and anencephaly) in their offspring. Increased risks of stillbirths and neural tube defects would be supported by data from animal experiments but have only been found in two independent human studies, both of nuclear workers (Sever et al., 1988a, b; Parker et al., 1999) . The other pregnancy outcomes studied do not appear to be significantly associated with parental radiation exposure before conception. Many of the studies are difficult to interpret because apparent effects of radiation could really be due to other lifestyle and environmental factors that are known to affect the incidence of adverse pregnancy outcomes (UNSCEAR, 2001; COMARE, 2004) . Figure 4 summarizes the available information on the genetic sensitivity of mammalian female germ cells, in relation to folliculogenesis. No information is available on the sensitivity of human oocytes to radiation induction of genetic damage. Small follicles are apparently less sensitive to cell-killing than large follicles (Baker, 1971; Wallace et al., 2003 Wallace et al., , 2005 . This fact, together with some morphological and physiological similarities between human and guinea-pig ovaries, suggests that the radiation sensitivity pattern of human follicles could be more similar to that of the guinea pig follicles than to that of mouse follicles.
Radiation sensitivity of female germ cells, in relation to folliculogenesis
In mice, oocytes enclosed in growing follicles (from 'type 4', according to the classification of Pedersen and Peters, 1968) show a relatively high sensitivity which drastically decreases during the last week before ovulation to reach a minimum 0.5-1.5 days before ovulation, corresponding to the full antral stage of folliculogenesis ('types 7 and 8'). However, sensitivity again increases around the time of ovulation and is probably maximal at the early diakinesis stage of meiosis. The sensitivity of dictyate oocytes enclosed in primordial follicles (resting stage, 'type 2') remains debated but could be similar to that of maturing oocytes in pre-antral follicles, as far as chromosomal sensitivity is concerned.
In guinea pigs, the chromosomal sensitivity of immature diplotene oocytes enclosed in primordial follicles is very low. The sensitivity does not change as follicles enter the growth phase, until 3 weeks before ovulation, corresponding most probably to the late pre-antral stages of folliculogenesis. From that time, the sensitivity of the oocyte gradually increases to reach a maximum 2 days before ovulation, corresponding to the full antral stage of folliculogenesis. It should be stressed, however, that studies at late stages of oogenesis such as the diakinesis stage immediately preceding ovulation have not yet been performed in that species.
In Chinese hamsters, the only available data concern the period immediately surrounding ovulation, where oocytes showed the greatest sensitivity at the diakinesis stage, like those of the mouse.
Discussion
Mammalian ovaries contain a definite stock of resting oocytes. This stockpile of oocytes is non-renewable and must provide for the entire reproductive needs of the female throughout adult life. Only few oocytes (300-500 in women) will be ovulated during the reproductive life, the rest (i.e. more than 99%) will be lost by a process of atresia which occurs throughout folliculogenesis as well as at the resting stage (Baird, 2000; Simon et al., 2005) . When the follicle reserve has been exhausted (usually around age 50 in women), menopause follows as a direct consequence of ovarian senescence (Morita and Tilly, 1999) . It is the non-renewable nature of the oocyte pool that makes primordial follicles essential for long-term fertility.
Chemotherapy and radiotherapy cause toxic insults to male and female gonads (Agarwal et al., 2004) and may greatly accelerate oocyte depletion by apoptosis, leading to premature ovarian failure and menopause. The degree of ovarian impairment is related to various parameters like the volume treated, the total irradiation dose, the fractionation schedule and the age of the patient at the time of treatment, older women being more sensitive (Lushbaugh and Casarett, 1976; Green, 1997; Meirow and Nugent, 2001) . The most recent data gave an LD 50 value of ,2 Gy for human oocytes, but the dose required to induce permanent and immediate ovarian failure would vary from 20.3 Gy at birth to 14.3 Gy at 30 years (Wallace et al., 2005) .
Apart from ovarian failure and premature menopause, the risks of genetically transmissible diseases and anomalies following exposure to ionizing radiation constitute another matter of concern. So far, little evidence has been gained of a relation between human exposure and genetic effects in progeny. As a consequence, the most comprehensive data on such effects have come from experiments with laboratory animals, in particular the mouse. Radiation-induction of genetic The radiation sensitivity is illustrated by a colour gradient (light pink: low radiation sensitivity; dark pink: high radiation sensitivity). In the mouse, data for the very early stages of folliculogenesis (up to type 3 included) essentially concern the induction of specific-locus mutations, since the sensitivity of these stages to cell-killing did generally not allow to perform cytogenetic studies. With regard to the primordial follicles, however, the figure also includes the results of cytogenetic studies by Dobson et al. (1987) and Straume et al. (1991) , who were able to avoid cell-killing by using special radiations. According to these authors, the genetic vulnerabilities of resting and maturing mouse oocytes would be similar when the lethality target in resting oocytes is avoided. damage has been investigated in mouse oocytes using DL effects, specific-locus mutations and cytologically analysed chromosome aberrations as measurable end-points. Moreover, radiation-induction of congenital malformations, which have a more complex or uncertain genetic basis, has been investigated by a few authors.
The frequency of mutational events recovered following irradiation of mouse oocytes was shown to vary greatly with the time interval between irradiation and ovulation of the oocyte, with the diakinesis stage a few hours prior to ovulation being by far the most radiosensitive (Reichert et al., 1975; Hansmann et al., 1982; Tease and Fisher, 1986; Jacquet, 2004) . Analysis of chromosome preparations after G-banding showed that, after X-irradiation with 1 Gy at that highly radiosensitive stage, a non-neglectable proportion of embryos with structural chromosome damage could develop past mid-gestation (Khalil et al., 1996) . The authors concluded that some of these embryos could complete gestation and contribute to the genetic burden of the next generation. The period of very high chromosomal sensitivity of mouse oocytes remains quite limited and results of studies on resting oocytes, which are the most important cells for the estimation of the genetic hazard in females, remain equivocal.
Experiments performed in the mouse have also suggested that doses of X-rays !1 Gy to the gonads could result in congenital anomalies in the offspring of irradiated parents and that some of these anomalies could result from radiation induction of chromosome aberrations and be transmitted to the following generation. However, various considerations suggest that extrapolating the mouse data to the human situation should require a great deal of caution (NRC, 1990; COMARE, 2004) .
It has been suggested that the guinea pig is a better model than rodents for studies on the genetic hazard of ionizing radiation in females (Jacquet, et al., 1994) . Based on the results of cytogenetic studies performed in guinea pig oocytes, it could be anticipated that in this species, the first stages of folliculogenesis (from the primordial stage up to the late pre-antral stage) have a low sensitivity to radiation induction of genetic damage, while the last week preceding ovulation (full antral stage) could represent the period of highest risk for the transmission of heritable chromosome aberrations to the progeny. In principle, oocytes irradiated during that period have a high probability of being eliminated from the ovaries, due to the radiation-induced atresia of the large follicles enclosing them, unless the dose used is relatively low (0.25 Gy or lower) or irradiation occurs very close to ovulation: oocytes irradiated with high doses during that very short period might possibly escape atresia and be ovulated and fertilized, while carrying chromosome damage (Jacquet et al., 1997b) . According to results obtained in a limited number of guinea pigs X-irradiated with 1 Gy 2 days before ovulation, the risk of congenital anomalies and of transmission of chromosome aberrations to the progeny following such irradiation would remain low due to the probable elimination of oocytes or embryos carrying DNA damage (Jacquet et al., 1998) . Because of practical difficulties, similar studies could not be performed with immediately pre-ovulatory oocytes of that species, irradiated around the diakinesis stage.
The pattern of genetic radiation sensitivity of the guinea pig oocytes strongly contrasts with that of the mouse, where the sensitivity towards radiation-induction of chromosome damage is relatively high during intermediate stages of folliculogenesis and then decreases towards the last week preceding ovulation, during which irradiation hardly induces chromosome aberrations in the oocytes. Even in rodents, relative differences of sensitivity towards chromosome damage have been evidenced in oocytes from two species (mouse, Golden hamster) irradiated at exactly the same stage (diakinesis). The causes of such differences are largely unknown. Whether the level of chromosome aberrations observed in oocytes of different species irradiated at comparable stages only depends on intrinsic differences of sensitivity of the oocytes themselves or is partially influenced by their micro-environment remains unclear. Once the growth of the follicle begins and the oocyte is surrounded by a single layer of cuboidal follicle cells (stage 3a), chromosome morphology is that of the typical diplotene and is comparable for all mammalian species examined. This condition is generally maintained throughout the growth of the follicle (Baker, 1971) . Therefore, factors other than the chromosome configuration should be at least partially responsible for the differences of radiosensitivity observed between species and even between follicle development stages. There is increasing information about the oocyte's ability to repair DNA lesions induced by ionizing radiation, and recent studies using microarrays have clearly shown that many mRNAs related to: sensing the different kinds of DNA damage, controlling the cell cycle (to provide an opportunity for DNA repair) and repairing this DNA damage, are expressed in human and Rhesus monkey oocytes (Zheng et al., 2005; Menezo et al., 2007) . Moreover, in the Rhesus monkey, mRNAs related to SSB and DSB repair were globally less expressed in MII oocytes than in GV oocytes, which may suggest that the efficiency of DNA repair systems would decrease during oocyte maturation. Such an assumption would also be supported by the results of Su et al. (2007) who found, among others, that many of the transcripts associated with DNA repair were degraded during mouse oocyte maturation. Earlier studies in the mouse have also shown that the DNA repair capacity of the oocyte is changing during oocyte growth and that oocyte's demonstrable excision repair capacity decreases at the time of meiotic maturation (Pedersen and Brandriff, 1980; Ashwood-Smith and Edwards, 1996) . At least, a decreased DNA repair capacity would be in agreement with the apparent increase in chromosomal radiosensitivity of rodent oocytes near the time of GV breakdown. Hormones and other molecules secreted by the follicle might participate in the differences of radiosensitivity observed between species and follicle development stages, through their potential interactions with the oocyte DNA repair. Obviously, these factors may show qualitative and quantitative differences between species and follicle development stages and it is interesting to note that a very strong correlation has been observed between the concentrations of pregnancy hormones, progesterone in particular, and the increase of chromosomal radiosensitivity in mouse and human somatic cells (Ricoul and Dutrillaux, 1991; Ricoul et al., 1997) .
In addition to DNA repair, the specific effect of radiation on follicle/ oocyte survival is an important parameter to be considered when evaluating the risk of transmission of genetic damage to the progeny. The sensitivity of follicle/oocyte to radiation-induction of atresia clearly differs between species and follicular stages and this adds to the difficulty of correctly estimating the genetic hazard of radiation in humans. Deciphering the role of factors potentially involved in the differences of radiosensitivity observed between species and follicle development stages should ideally require the use of an in vitro follicle culture system, in which radiation effects and their modulation by different agents could be studied on well-defined follicular classes. In vitro follicle culture systems already exist for mice (Hartshorne et al., 1994; Eppig and O'Brien, 1996; Cortvrindt and Smitz, 2002; Lenie et al., 2004) ; rats (Zhao et al., 2000) ; hamsters (Roy and Greenwald, 1989) ; pigs (Wu et al., 2001; Shuttleworth et al., 2002) ; sheep (Cecconi et al., 1999) ; goats (Zhou and Zhang 2005; Silva et al., 2006) ; monkeys (Nayudu et al., 2003) ; bovine (Gutierrez et al., 2000; Saha et al., 2000) and cats (Jewgenow and Gö ritz, 1995) . These systems vary according to the specifications of the starting material, the aim and the duration of the culture (for review, see Hartshorne, 1997 and . However, only for the mouse is it possible to follow the entire process of folliculogenesis, oogenesis and embryogenesis in vitro. In other animal models, only short parts of this process can be studied in vitro. The author's laboratory is currently focusing on the development of in vitro cultured guinea pig follicles. It remains clear that precise estimations of the genetic hazard of ionizing radiation must primarily be based on animal studies, and their extrapolation must rely on an understanding of the mechanisms of action and their differences among species.
In the last UNSCEAR report (UNSCEAR, 2001) , new estimates of genetic risks from continuing exposure to low-LET, low-dose or chronic irradiation were given, based on a combination of mouse data on induced germ cell mutations, human data on baseline frequencies of naturally occurring genetic diseases and population genetic theory. An important point is that the mouse data used for these estimations were those obtained in experiments involving irradiation of spermatogonial stem cells; their use for risk estimation was based on the assumption that the mutational radiosensitivity of human spermatogonial stem cells and oocytes will be similar to that of mouse spermatogonial stem cells. More specifically, the data from studies of female mice were not used 'because resting oocytes, which are the most important germ cells for the assessment of genetic hazard in females, are hypersensitive to the killing effects of radiation and detectable genetic damage in these cells has generally not been observed' (Sankaranarayanan and Wassom, 2005) .
The estimates of genetic risks concern Mendelian diseases (autosomal dominant, autosomal recessive and X-linked diseases), multifactorial diseases and congenital abnormalities. Multifactorial diseases are those diseases known to have a genetic component but that cannot be described in a simple Mendelian fashion: they are interpreted as resulting from a large number of causes, both genetic and environmental. Some common congenital abnormalities and many common diseases of adult onset (i.e. coronary heart disease, diabetes mellitus and essential hypertension) as well as most cancers are multifactorial.
The new risk estimates were expressed per Gy of parental irradiation of either sex and per million progeny. Overall, the predicted risks for the first generation (3000-4700 cases per million progeny per Gy of parental irradiation) represent 0.41 -0.64% of the baseline frequency (738 000 per million), which is small and consistent with the lack of significant adverse effects in the first generation progeny of atomic bomb survivors in Japan (Sankaranarayanan and Wassom, 2005) .
An important comment could be made, in relation to these recent risk estimates. There are two genetic studies in which mammalian immature oocytes were X-irradiated immediately after birth, when their nuclear state (typical diplotene) was most comparable to that of human resting oocytes. In the mouse, Selby et al. (1991) found that these oocytes had a 'near zero' sensitivity to induction of specific-locus mutations. They also suggested that, based on their results, genetic hazard of ionizing radiation in women may be very low relative to that in men. Their findings strengthened the conclusions already applied by committees (i.e. BEIR III, 1980; UNSCEAR, 1988) , which were based on the suggestion of Russell (1977) , that the risk of inducing mutations in the female mammal is possibly negligible and at most only 44% of that in the male. In the guinea pig, Jacquet et al. (1997a) reported that the typical diplotene oocytes present at birth exhibited a very low sensitivity to induction of structural chromosomal aberrations. It might well be true, therefore, that the small predicted risks given in the last UNSCEAR (2001) report may not be applicable to women, who would be at even lower risks than men for genetic diseases following exposure to ionizing radiation.
